Wavelength dependence of reversible photodegradation of disperse orange
  11 dye-doped PMMA thin films by Anderson, Benjamin R. et al.
ar
X
iv
:1
50
9.
08
50
8v
1 
 [p
hy
sic
s.o
pti
cs
]  
28
 Se
p 2
01
5
Wavelength dependence of reversible photodegradation of disperse orange 11
dye-doped PMMA thin films.
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Using transmittance imaging microscopy we measure the wavelength dependence of reversible
photodegradation in disperse orange 11 (DO11) dye-doped (poly)methyl-methacrylate (PMMA).
The reversible and irreversible inverse quantum efficiencies (IQEs) are found to be constant over
the spectral region investigated, with the average reversible IQE being Bα = 8.70(±0.38)× 10
5 and
the average irreversible IQE being Bǫ = 1.396(±0.031) × 10
8. The large difference between the
IQEs is hypothesized to be due to the reversible decay channel being a direct decay mechanism of
the dye, while the irreversible decay channel is an indirect mechanism, with the dye first absorbing
light, then heating the surrounding environment causing polymer chain scission and cross linking.
Additionally, the DO11/PMMA’s irreversible IQE is found to be among the largest of those reported
for organic dyes, implying that the system is highly photostable. We also find that the recovery
rate is independent of wavelength, with a value of β = 3.88(±0.47)× 10−3 min−1. These results are
consistent with the correlated chromophore domain model of reversible photodegradation.
OCIS Codes: (140.3330) Laser Damage; (140.3380) Laser Materials; (160.4890) Organic Materials;
(160.5470) Polymers; (310.0310) Thin Films
I. INTRODUCTION
Photodegradation of organic dye-doped polymers has
been a topic of intense study for several decades [1–13]
with the majority of dye-doped polymers found to irre-
versibly photodegrade under intense illumination. How-
ever, in 1998 Peng et al reported the first observation of
self-healing after photodegradation (i.e. reversible pho-
todegradation) in Rhodamine B and Pyrromethene dye-
doped (poly)methyl-methacrylate (PMMA) [14]. Since
Peng et al.’s study, self-healing has been observed
in disperse orange 11 (DO11) dye-doped PMMA [15,
16], DO11 dye-doped copolymer of styrene and MMA
[17], anthraquinone-derivative-doped PMMA [18], 8-
hydroxyquinoline (Alq) dye-doped PMMA [19], air force
455 (AF455) dye-doped PMMA [20], and Rhodamine
6G/ZrO2 doped polyurethane [21]. While self-healing
has been observed in many different materials, the major-
ity of research has focused on DO11/PMMA [15, 16, 22–
31].
Given the large amount of research focused on
DO11/PMMA, it has become the testbed system for
studying reversible photodegradation with various probe
methods used, such as: amplified spontaneous emission
(ASE) [15, 16, 22–24], absorption [22, 25], transmittance
microscopy [26, 27], white light interferometry [28], and
fluorescence [29]. DO11/PMMA’s decay and recovery
properties have been characterized for differing intensi-
ties [25, 26, 31], concentrations [23, 24, 29], temperatures
[23, 24, 29, 30], applied electric fields [27, 30, 31], and co-
polymer compositions [17].
From all these experiments, a model – based on do-
mains of correlated chromophores – has been developed,
∗
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which is found to describe the trends of all the experi-
mental data under the range of conditions studied. This
model is known as the correlated chromophore domain
model (CCDM) [24, 25, 29–31]. One of the untested as-
sumptions of the CCDM is that both the reversible and
irreversible decay channels are functions of only inten-
sity and independent of the pump wavelength. If this
assumption is violated, it would hint at a new unex-
plored physical mechanism underlying DO11/PMMA’s
photodegradation.
Therefore in this study we measure reversible pho-
todegradation of DO11/PMMA at five different wave-
lengths and determine the degradation quantum efficien-
cies and the recovery rate as a function of pump-photon
energy to test if the degradation quantum efficiencies and
the recovery rate are dependent on the pump wavelength.
Additionally, we make comparisons of DO11/PMMA’s
degradation quantum efficiencies to previous studies of
irreversible photodegradation in other dye-doped systems
[7–13] to show that DO11 compares favorably with the
most damage-resistant molecules.
II. THEORY
To model experimental observations of reversible pho-
todegradation we use a phenomenological three-species
population model in which undamaged chromophores
(population number density n0) decay either reversibly
to species #1 (of number density n1(z, t) at depth z and
time t) or irreversibly to species #2 (of number density
n2(z, t) at depth z and time t) taking into account pump
depletion as a function of depth, z. Figure 1 shows a
schematic diagram of the population flows as marked
with arrows. Note that this model is a simplification
of the model described in detail in Ref.[25, 31] and that
2FIG. 1: Schematic diagram of the three-species
population model. Note that the pump intensity
depends on depth and time.
for the purposes of this study we do not average over the
distribution of domain sizes with the understanding that
the parameters determined in this manner are average
values. The population dynamics and intensity depletion
are described by four coupled differential equations:
∂n0(z, t)
∂t
= −
σ0(ωp)Ip(z, t)
h¯ω
(
1
Bα
+
1
Bǫ
)
n0(z, t)
+ βn1(z, t), (1)
∂n1(z, t)
∂t
=
σ0(ωp)Ip(z, t)
Bαh¯ωp
n0(z, t)− βn1(z, t), (2)
∂n2(z, t)
∂t
=
σ0(ωp)Ip(z, t)
Bǫh¯ωp
n0(z, t), (3)
∂Ip(z, t)
∂z
= −[σ0(ωp)n0(z, t) + σ1(ωp)n1(z, t)
+ σ2(ωp)n2(z, t)]Ip(z, t). (4)
where h¯ωp is the pump photon energy, B
−1
α is the quan-
tum efficiency (QE) of reversible degradation, B−1ǫ is the
QE of irreversible degradation, Ip(z, t) is the pump inten-
sity in W/cm2 at time t and depth z, β is the recovery
rate, and σi(ωp) is the absorbance cross section of the i
th
species at the pump frequency.
While Equations 1-3 describe the populations as a
function of depth and time during photodegradation and
recovery, what we physically measure is a change in ab-
sorbance, ∆A(t;ω), which is related to the cross-sections
via,
∆A(t;ω) = ∆σ1(ω)
∫ L
0
n1(z, t)dz+∆σ2(ω)
∫ L
0
n2(z, t)dz
(5)
where ∆σi = σi(ω)− σ0(ω) and L is the thickness of the
sample. Equation 4 can be re-expressed in terms of ∆σi,
yielding
∂Ip(z, t)
∂z
=− [σ0(ωp)N +∆σ1(ωp)n1(z, t)
+ ∆σ2(ωp)n2(z, t)]Ip(z, t). (6)
where N = n0 + n1 + n2 is the total number density,
which in the absence of mass transport is a constant by
conservation of the total number of molecules. For the
9 g/l samples used in this study the total dye number
density is N = 2.28× 1025 m−3.
Equations 1 to 3, Equation 5 and Equation 6 can be
numerically integrated to determine the adjustable pa-
rameters Bα, Bǫ, ∆σ1, ∆σ2 and β using only a measure-
ment of the observed change in absorbance as a function
of time.
At the start of the experiment, the sample is pre-
pared with a known dye concentration consisting only
of undamaged species, so n0(z, 0) ≡ N and n1(z, 0) =
n2(z, 0) = 0. The absorption spectrum is measured
at t = 0 to determine σ0(ω), which spans the pump
cross-section σ0(ωp). With these t = 0 values, the
initial depth-dependence of the intensity of the pump
beam is obtained by integrating Equation 6, which yields
Ip(z, 0) = Ip exp[−σ0(ωp)z], where Ip is the incident
pump intensity. Given these initial conditions, an iter-
ative numerical integration technique can be applied to
solve the coupled differential equations, as follows.
At t = 0, all of the quantities on the right-hand side of
Equations 1-3 are known (i.e. Ip(z, 0), n0(z, 0), n1(z, 0)
and n2(z, 0) ) or are adjustable parameters, so the popu-
lations at a small time interval later, t = ∆t, can be deter-
mined numerically. Given the updated values n0(z,∆t),
n1(z,∆t) and n2(z,∆t), Equation 6 can be numerically
integrated to get Ip(z,∆t). The process is then iterated
with the updated depth-dependence of the pump inten-
sity and populations at t = ∆t to calculate the updated
populations and intensity at t = 2∆t, and so on. As
a result, the time and depth dependence of the popula-
tions and intensity are determined as a function of the
fit parameters.
Once the populations as a function of time and depth
are determined from the above iterative technique, they
can be used to determine the change in the measured ab-
sorbance at the probe wavelength as a function of time
using Equation 5. A fit of the time dependence of the
absorbance to Equation 5 determines the adjustable pa-
rameters Bα, Bǫ, ∆σ1, ∆σ2 and β.
To avoid confusion, we have calculated only one ray
that propagates perpendicular to the plane of the sam-
ple and omitted mention of the fact that the intensity de-
pends on the transverse position from the beam center. A
beam with a transverse intensity profile, such as a Gaus-
sian beam that is not strongly diverging in the sample at
its focal plane, can be viewed as a collection of parallel
rays – each with its own incident intensity. As such, the
incident intensity depends on the transverse coordinates,
or Ip = Ip(x, y). A CCD detector can thus be used to
measure the collection of rays, where each pixel selects
3one such ray with its corresponding intensity. Therefore
we can fit the measured change in absorbance at different
positions to obtain the change in absorbance as a func-
tion of intensity. We use over 1000 different positions on
the sample for each decay and recovery run, which pro-
vides ample statistics to determine the values of the five
adjustable parameters.
In our experiments, an imaging system is used to first
measure the beam profile without the sample, then the
experiments are performed with the sample in place to
determine the change of absorbance for each ray within
the beam. Since each ray corresponds to a fixed incident
intensity, the imaging apparatus can simultaneously de-
termine the change of absorbance for a broad range of
input intensities. As such, a large set of data is gener-
ated for data fitting, making it possible to extract the
values of the adjustable parameters with a high degree of
robustness.
The fit parameters determined from the above proce-
dure are used to compare DO11/PMMA’s photodegra-
dation dynamics with other dye-doped systems by using
the common figure of merit (FoM) defined by [7]:
FoMR =
Bα
σ0
, (7)
and
FoMIR =
Bǫ
σ0
, (8)
where FoMR is the reversible figure of merit, and FoMIR
is the irreversible figure of merit. The FoM represents
the photostability of a material, with larger FoM corre-
sponding to greater resistance to photodegradation.
It is important to emphasize that this model is phe-
nomenological and fits the experimental data well, [23–
25, 29–31] but does not reveal the underlying mechanisms
of the reversible and irreversible photodegradation path-
ways, which remains a topic of active study. Recently
reversible photodegradation studies that measure the in-
fluence of an applied electric field have suggested that
the reversible damage pathway is related to the forma-
tion of charged or polarizable fragments that recombine
during recovery [27, 30, 31]. This suggests that the re-
versible QE, B−1α , is a direct measure of the dissociation
probability associated with the charged fragments. With
regards to the irreversible damage pathway, recent mea-
surements of the complex index of refraction during de-
cay and recovery suggest that the irreversibly damaged
species is related to the formation of damaged polymer-
dye complexes, with the polymer damage most likely be-
ing due to chain scission and cross linking [28]. Given
that the polymer is transparent at the pump wavelength,
it has been hypothesized that the damage to the polymer
is thermally driven by the dye molecule’s absorption of
light followed by a transfer of heat to the polymer[25, 28].
This hypothesis suggests that the irreversible QE, B−1ǫ ,
is a direct measure of the efficiency of thermalization and
of the efficiency of thermally induced chain scission and
cross-linking [32–34].
III. METHOD
All experiments presented here use DO11 dye doped
in PMMA, with a concentration of 9 g/l, or a molecular
number density of N = 2.28× 1025 m−3. The dye-doped
polymer is prepared by first dissolving an appropriate
amount of dye into MMA monomer, which is sonicated
to ensure that the dye is fully dissolved into solution. At
this point an initiator (butanethiol) and chain transfer
agent (Tert-butyl peroxide) are added in the amounts of
33 µl per 10 ml of MMA, and the solution is then son-
icated for 30-60 min. After sonication the solution is
filtered through 0.2 µm disk filters into vials, which are
then placed in a 95 ◦C oven for 48 hr at which point
they are fully polymerized. The vials are then placed
in a freezer leading to the solid dye-doped polymer and
vial separating due to differential thermal contraction.
Once the solid dye-doped polymer is prepared, a small
portion is broken off and placed between two glass slides
and thermally pressed at a temperature of 150 ◦C and a
uniaxial stress of 90 psi for one hour, allowing the poly-
mer melt to uniformly flow from the center. Finally, the
stress is removed and the sample is allowed to cool.
To measure the dependence of reversible photodegra-
dation on the pump wavelength, we use a transmittance
imaging microscope (TIM) [18, 26] and an Ar:Kr Ion CW
laser pump. The probe light from a diode source is cen-
tered at a wavelength of about 460 nm and has a spec-
tral width of about 75 nm. As such, the CCD probes a
range of wavelengths rather than a single one as given by
Equation 5. As such, Equation 5 must be modified by
integrating over the intensity spectrum of the beam and
the responsivity of the CCD detector. Assuming that
these two functions together give a modification of the
form fω′(ω), which peaks at ω
′, we can define,
∆A¯(t;ω′) =
∫
∞
0
dωfω′(ω)∆A(t;ω) (9)
and
∆σ¯i(ω
′) =
∫
∞
0
dωfω′(ω)∆σ(ω), (10)
which when applied to Equation 5 gives,
∆A¯(t;ω′) = ∆σ¯1(ω
′)
∫ L
0
n1(z, t)dz
+∆σ¯2(ω
′)
∫ L
0
n2(z, t)dz. (11)
As such, the analysis is the same a for the single-
frequency case with the understanding that all the quan-
tities are barred.
The power exiting the laser head used to pump the
sample at 476 nm, 488 nm, 496 nm, and 514 nm is main-
tained at 1 W, with the on-sample power being measured
using an Edmund Optics power meter. We also use the
4502 nm and 457 nm lines but with a power exiting the
laser of 353 mW and 373 mW, respectively.
The beam profile for each wavelength is measured us-
ing the TIM and neutral density filters, allowing us to
correlate the beam intensity profile to the sample’s dam-
age profile. This allows for a precise determination of
the damage as a function of intensity. For the bright
laser lines (476 nm, 488 nm, 496 nm, and 514 nm) degra-
dation is initiated for three minutes, while for the dim
laser lines (502 nm and 457 nm) the time is extended to
ten minutes. Images are recorded at intervals of thirty
seconds during degradation and semi-log intervals during
recovery. The images obtained during decay and recovery
are a mapping of intensity for a given x and y position,
C(x, y), which is converted to the scaled damaged popu-
lation (SDP) [18, 26] using,
n′(x, y, t) = − ln
(
C(x, y, t)
C0
)
(12)
= ∆A¯(x, y, t), (13)
where C0 is the background pixel intensity and
∆A¯(x, y, t) is the change in absorbance at point x, y.
The SDP is then fit to Equation 11 to determine the
decay and recovery parameters. Figure 2 shows an ex-
ample decay and recovery curve as a function of time with
the reversible and irreversible contributions labelled. We
can also plot the intensity and fractional populations as
a function of depth, shown in Figure 3, at t = 5 min,
determined from fitting the model to experimental re-
sults. From Figure 3 we see that the majority of the
damaged species is found near the surface of the sam-
ple and decays with the functional form of a stretched
exponential with depth into the sample, while the frac-
tion of undamaged molecules increases with depth. We
also find that the pump intensity as a function of depth
follows a double exponential, which makes sense given
that the absorbance cross sections of the damaged and
undamaged species are different. By measuring the pop-
ulations during decay and recovery over a wide range of
intensities, we can determine the reversible FoM, the ir-
reversible FoM, and the recovery rate. Note that the use
of a large number of decay and recovery curves, approx-
imately 1000 of them, enables all the fit parameters to
be determined to a high degree of accuracy. In other
words, while the parameters for a single intensity decay
and recovery curve has a large degree of uncertainty due
to the model’s complexity, fitting all the data sets simul-
taneously gives better statistics that greatly improve the
accuracy of the fit parameters.
IV. RESULTS AND DISCUSSION
From imaging measurements during photodegradation
we determine the reversible and irreversible FoMs. Fig-
ure 4 shows the reversible FoM and Figure 5, the irre-
versible FoM. Both are found to scale inversely with the
FIG. 2: Scaled damaged population measured during
decay and recovery (points) and a fit to the three level
model (curve). The dashed horizontal lines mark the
peak SDP and the SDP after recovery. The area
between the dashed lines corresponds to the reversibly
damaged population.
FIG. 3: Pump Intensity and population fractions as a
function of depth at t = 5 min. The pump laser is
turned on at t = 0 to initiate photodegradation.
undamaged absorbance cross section, which implies that
the inverse quantum efficiency (IQE) is constant over the
photon energies tested, consistent with results for other
dye-doped polymers [7–13].
Multiplying the FoMs by the undamaged absorbance
cross section we determine the reversible and irreversible
IQEs, which are tabulated in Table I and displayed as a
5FIG. 4: Figure of merit for the reversible decay process
as a function of pump photon energy.
FIG. 5: Figure of merit for the irreversible decay
process as a function of pump photon energy.
function of pump energy in Figure 6. Both the reversible
and irreversible IQE are found to be constant, within ex-
perimental uncertainty, as a function of photon pump en-
ergy. The weighted average IQEs areBα = 8.70(±0.38)×
105 and Bǫ = 1.396(±0.031) × 10
8. The irreversible
IQE is ≈ 160 times larger than the reversible IQE,
so DO11/PMMA has a greater probability of reversible
degradation than irreversible. This result is consistent
with previous observations of the relative magnitudes be-
tween the two in DO11/PMMA [25, 28, 31]. In addition
to comparing the IQEs of the two degradation pathways
we also compare DO11/PMMA’s IQEs to those of other
Energy (eV) Bα (10
6) Bǫ (10
8)
2.41 0.70± 0.20 1.40± 0.18
2.47 0.85± 0.15 1.383 ± 0.095
2.50 0.877 ± 0.051 1.434 ± 0.043
2.54 1.04± 0.14 1.329 ± 0.086
2.60 0.797 ± 0.090 1.28± 0.13
2.71 0.94± 0.13 1.386 ± 0.043
TABLE I: Reversible, Bα, and irreversible, Bǫ, inverse
quantum efficiency for different pump energies. The
irreversible inverse quantum efficiency is ≈ 160× larger
than the reversible inverse quantum efficiency.
dye-doped polymer systems [7, 8, 10, 35]. In other dye
doped systems the irreversible IQE is typically on the
order of 106 [7–13], which is similar to DO11/PMMA’s
reversible IQE, but still two orders of magnitude smaller
than DO11/PMMA’s irreversible IQE. A review of the
literature reveals only a handful of other dyes with IQE’s
greater than 5×107, which are tabulated in Table II. This
result implies that DO11/PMMA is among the most re-
sistant dyes to irreversible photodegradation.
One possible explanation for DO11/PMMA’s greater
resistance to irreversible degradation is based on our re-
cent hypothesis that the reversibly damaged species is
related to a photo-induced reversible change in the dye
molecule, while the the irreversibly damaged species is
due to the formation of a damaged dye-polymer com-
plex [25, 28]. Since neat PMMA is transparent in the
visible, photodamage to the polymer must be mediated
by energy transfer between the dye molecules and the
polymer [8, 32, 36–40]. This implies an indirect damage
mechanism for the irreversibly damaged species, which
is less efficient than a direct damage mechanism. Since
DO11 is directly damaged in the spectral region of the
pump wavelengths used, the reversibly damaged species
will form more efficiently than the irreversibly damaged
species, resulting in the observed relationship between
the IQEs.
After degradation, we measure recovery dynamics of
DO11/PMMA as a function of pump-photon energy. Fig-
ure 7 shows the recovery rate as a function of pump-
photon energies, which is found to be constant within
experimental uncertainty for the spectral region used.
The average recovery rate over the spectral region is
β = 3.88(±0.47)× 10−3 min−1, which is consistent with
previous measurements of 9 g/l DO11/PMMA [22, 24–
27, 31].
The observation of the decay parameters, Bα and
Bǫ, and recovery rate, β, being independent of pump
wavlength wavelength in the spectral region used is con-
sistent with the assumptions of the CCDM [24, 31].
While this result by itself does not prove the CCDM to
be the correct model of reversible photodegradation, the
observation of wavelength-independent reversible pho-
6Dye Name Structure Bǫ Ref.
DO11 1.4× 108 –
Rhodamine B 8× 107 [35]
Perylene Red 9× 108 [35]
Perylene
Orange
1× 109 [35]
- 1× 108 [8]
- 5× 107 [10]
- 3× 108 [7]
- 1× 108 [10]
TABLE II: Tabulation of some of the most photodamage resistant dyes reported in the literature and their
irreversible IQE. The majority of dyes have IQEs on the order of 106.
FIG. 6: Reversible, Bα, and irreversible, Bǫ, inverse
quantum efficiency as a function of pump photon
energy.
todegradation is additional evidence supporting its va-
lidity.
Finally, the fit parameters also give the change in the
average cross-section over the spectral range of the probe
beam during a decay run, which yields ∆σ¯1/∆σ¯2 =
2.88(±0.34) × 10−2. As such, the change in the opti-
cal absorption cross section of the reversibly-damaged
species within the probe spectral range is much smaller
than the change of the cross section of the irreversibly-
damaged species. This implies that the change in conju-
gated bond length due to reversible degradation is much
smaller than the change due to irreversible damage. How-
ever, the reader should be warned that a large dispersion
in the sensitivity of the detector could somewhat change
the value of this ratio, but the effect is most likely small.
V. CONCLUSION
Studies of reversible photodegradation in
DO11/PMMA have been ongoing for over a decade
with much progress made in shedding light on the un-
derlying mechanisms and relevant parameters. However,
these studies have primarily used a single pump wave-
length, without consideration of how self-healing depends
on it. The wavelength dependence of DO11/PMMA’s
degradation and recovery can help probe particular
mechanisms as well as eliminate others. We therefore
have used various Ar:Kr laser lines (457 nm, 476 nm,
7FIG. 7: Recovery rate as a function of pump-photon
energy. All recovery rates are found to be within
experimental uncertainty of each other.
488 nm, 496 nm, 502 nm, 514 nm) to determine the
relevant decay and recovery parameters as a function
of wavelength using a simplified version of the depth
dependent eCCDM, which describes two different decay
pathways – one reversible and the other irreversible
[25, 30, 31].
By fitting the experimental data to the model we de-
termine the fundamental photodegradation properties of
DO11/PMMA (Bα, Bǫ, and β), which are found to be
constant as a function of pump wavelength within the
spectral region investigated. The decay and recovery
parameters are found to be independent of wavelength,
which is consistent with previous measurements of ir-
reversible photodegradation in other dye-doped systems
[7–13], as well as with the assumptions of the correlated
chromophore domain model [24, 31].
We also find that DO11/PMMA is highly resistant to
irreversible photodegradation, where its irreversible IQE
is comparable to the most damage resistant dyes reported
in literature; making it a promising candidate for high in-
tensity optical applications. Additionally, the irreversible
IQE is two orders of magnitude higher than the reversible
IQE. This observation is consistent with the hypothesis
that the irreversible species is formed by photothermally
driven chain scission and cross linking of the polymer,
with local photothermal heating being provided by the
dye molecules [28]. In this scheme the reversibly decayed
species is formed directly by the interaction of the dye
and light; while the irreversible species is formed by an
indirect process requiring the dye to first absorb light,
then transferring the energy as heat to the local environ-
ment, which degrades the polymer. This indirect process
is less efficient than direct interaction, which is borne out
out by the data.
The wavelength dependence determined here is con-
sistent with the assumptions of the domain model, and
provides another piece to the puzzle of the mechanisms
underlying reversible photodegradation. The fact that
the direct damage process is governed by the absorption
of a photon, which is characterized by the linear absorp-
tion cross section, pegs it as a linear process that some-
times produces a damaged fragment. As such, nonlin-
ear processes are ruled out. Furthermore, since the time
constant of the recovery process is independent of the
wavelength, the species produced is the same for each
wavelength. Future work will extend the measurement
domain to temperature and concentration dependence to
to test the model’s predictions beyond the range in which
it was developed.
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